Domestic dogs are considered to be the main reservoirs of zoonotic visceral leishmaniasis. In this work, we evaluated a protocol to induce
Visceral leishmaniasis (VL) is increasingly becoming a major public health concern due to its dispersal to previously non-endemic rural areas, the emergence of disease foci in urban areas and, more recently, its opportunistic association with human immunodeficiency virus infection (Mestre & Fontes 2007 , Maroli et al. 2008 , Cerbino Neto et al. 2009 ). In the New World, VL is caused by Leishmania chagasi, which is believed to be identical to Leishmania infantum (reviewed by Maurício et al. 2000) . Therefore, in the present paper, the parasite will be referred to as L. infantum.
Several pieces of evidence have been reported that support a role for dogs as domestic reservoirs of L. infantum: first, Leishmania-infected dogs are frequently present in domestic and peridomestic environments in VL-endemic areas, second, dogs from endemic areas exhibit high seropositivity rates and third, sick dogs suffer from intense skin parasitism, which, theoretically, more readily exposes Leishmania to the sand fly (Travi et al. 2001 , Mestre & Fontes 2007 , Maroli et al. 2008 The main control measures adopted in Brazil are vector control using insecticides, treatment of human cases and serological surveys, followed by culling of seropositive canines. However, the massive elimination of dogs between 1990-1997 did not reduce the incidence of the human disease (Costa & Vieira 2001) , indicating that the implementation of this measure alone was ineffective. Accordingly, the World Health Organization considers the deployment of an effective vaccine to be an important alternative for the control of leishmaniasis (Desjeux 2002) .
Studies on natural and experimental L. infantum infections in dogs indicate that many animals develop asymptomatic infections, probably due to an efficient cellular immune response against the parasite (Cabral et al. 1992 , Dye 1996 , Dos-Santos et al. 2008 , suggesting that a canine vaccine is feasible. In fact, the availability of purified and recombinant Leishmania proteins, together with the increasing understanding of the immunological mechanisms involved in the control of leishmaniasis, have enhanced studies of antiLeishmania vaccines in the canine model (Borja-Cabrera et al. 2002 , Fujiwara et al. 2005 , Moreno et al. 2007 , Rodríguez-Cortés et al. 2007b , de Lima et al. 2010 . However, the number of Leishmania immunization/infection studies in canine models is still limited in comparison to those reported in murine models.
To assess the efficacy of a vaccine candidate against canine leishmaniasis, it is desirable and/or necessary to monitor and quantify certain biological parameters, such as (i) the development of clinical signs of disease, (ii) the levels and isotypic profiles of anti-Leishmania antibodies, (iii) the presence, nature and intensity of antigenspecific proliferative responses and/or the production of cytokines in antigen-stimulated peripheral blood mononuclear cells (PBMCs), (iv) the presence of skin hypersensitivity in response to inoculated antigens and (v) the determination of the capacity of immunized dogs to transmit the parasites to sand flies. Concerning the measurement of these parameters, one of the major problems in studying canine immune responses to Leishmania antigens is the lack of a convenient source of antigen-specific canine lymphocytes that may be used as positive controls in biological assays for cell-mediated immunity, which appears to be protective against Leishmania infection in dogs (Leandro et al. 2001 , Rodrigues et al. 2007 , Araújo et al. 2009 , Bourdoiseau et al. 2009 ). In dogs, as in human beings, cell-mediated immune responses are assessed either by injecting adequately diluted antigenic preparations into the skin and subsequently measuring a delayed-type hypersensitivity response or by stimulating PBMCs with antigens in vitro and measuring cell proliferation or cytokine production , Chamizo et al. 2005 , Carrillo et al. 2008 , DosSantos et al. 2008 , Bourdoiseau et al. 2009 ). Immortalized T cell lines (Barsov 2009 , Bartelt et al. 2009 ), which are exhaustively selected in vitro for antigen reactivity, do not represent an ideal substitute for freshly-collected PBMCs as control cells for in vitro immunological reactions because it is difficult to guarantee that the cell lines reflect the unselected PBMC population, in terms of both their repertoire of antigen recognition and their adaptation to in vitro conditions. It is operationally complex to obtain Leishmania-infected asymptomatic dogs in endemic areas to serve as positive controls for cellmediated immune responses and there is no guarantee that the asymptomatic dogs will not become sick with the passage of time.
With the aim of obtaining a source of Leishmania antigen-responder canine lymphocytes, L. infantumspecific cellular and humoral immune responses were evaluated in vivo and in vitro at various time points of an immunization protocol (after injection of a Leishmania promastigote lysate and the subsequent inoculation of viable promastigotes). The results indicate that, following the immunization with parasite crude antigens, the induction of a sub-clinical L. infantum infection is more efficient than immunization with parasite antigens alone in terms of eliciting both humoral and cellular immune responses against either native or recombinant L. infantum antigens.
SUBJECTS, MATERIALS AND METHODS
Parasite and antigens -The Leishmania used in this study was isolated from the bone marrow of a human patient and identified as L. infantum (MHOM/BR2000/ Merivaldo2 strain). (Babu et al. 2000) or by immobilized metal-ion affinity chromatography using nickel-chelating Sepharose Fast Flow columns (GE Healthcare, Uppsala, Sweden), according to the directions of Jedrzejas et al. (1998) . The degree of purity of the recombinant antigens was analyzed by 10% polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulphate, followed by Coomassie blue staining, as described previously (Laemmli 1970) . The protein content of each antigen preparation was determined by protein reaction with fluorescamine (Lorenzen & Kennedy 1993) . For the lymphoproliferative assays, crude and purified antigens were dialysed against Roswell Park Memorial Institute (RPMI) medium and sterilised by gamma-ray irradiation.
Animals and experimental design -Twenty-nine mixed-bred dogs, two to four-years old, were obtained from the Salvador City Zoonosis Control Center and kept in a kennel at the Gonçalo Moniz Research Center, Oswaldo Cruz Foundation (Fiocruz), Salvador, Bahia, with daily recreation in a dedicated area. All the dogs were examined and treated when necessary for anaemia, intestinal parasitosis and ectoparasitosis and all received routine vaccination against leptospirosis, distemper, adenoviruses, parainfluenza and parvoviruses during an acclimatization period. All the dogs were confirmed to be free of Leishmania based on the absence of parasites by microscopic examination of spleen aspirate cultures and the absence of detectable specific antibodies by ELI-SA (detailed in Determination of anti-Leishmania antibody levels) and immunofluorescence, as described by Paranhos-Silva et al. (1996) . Periodic surveys of the kennel for the presence of vectors of Leishmania, performed with the use of light traps, produced negative results. A group of four animals (dogs 1-4) was subjected to the following subcutaneous immunization protocol: (i) two biweekly injections of a lysate derived from 10 8 Leishmania promastigotes in incomplete Freund adjuvant and (ii) an inoculation of 10 8 live stationary-phase Leishmania promastigotes four weeks later. A control group of three animals (dogs 5-7) was treated at the same time intervals with saline and adjuvant and then saline alone instead of viable promastigotes. For the assessment of lymphoproliferative responses and IFN-γ production af-ter seven and four years of immunization, respectively, other control groups consisted of untreated animals and animals injected subcutaneously with 200 µg of the Lci1 or Lci2 L. infantum recombinant antigens (Santos 2007) . Cellular and humoral immune responses against Leishmania were evaluated three weeks after the second lysate injection, six and 45 weeks after the live parasite inoculation and four-seven years after the immunization. Spleen aspirates were collected every three months for the first two years after the inoculation of viable promastigotes and were cultured in biphasic medium (blood agar-Schneider's medium). The animals were clinically monitored by a veterinarian throughout the experiment, which was conducted in accordance with the Fiocruz guidelines for the use of experimental animals.
Determination of anti-Leishmania antibody levels -ELISAs were performed as described elsewhere (Paranhos-Silva et al. 1996) . Microtitre plate (Corning Laboratory Science Co, NY, USA) wells were coated overnight at 4ºC with 20 µg.mL -1 (protein content) of Leishmania stationary-phase promastigote lysate or 0.5 µg.mL -1 of Leishmania recombinant protein in 100 µL volumes of 0.1 M carbonate buffer (pH 9.6). The wells were washed three times with PBS containing 0.05% Tween 20 (Sigma Aldrich, St. Louis, MO, USA) and blocked with PBS containing 5% dried skim milk for 1 h at 37ºC. After three washing procedures, the wells were incubated with 100 µL of 1/400 dilutions of test sera in PBS containing 3% (dry w/v) skim milk and 0.05% Tween 20 for 1 h at 37ºC. The wells were washed again as before and 100-µL volumes of an anti-dog IgGperoxidase conjugate (Sigma Aldrich, St. Louis, MO, USA), diluted at 1/2,000, were added and incubated for 1 h at 37ºC. The wells were then washed again before the addition of 0.4 µL.mL -1 of 30% hydrogen peroxide and 0.4 mg.mL -1 o-phenylenediamine (Sigma Aldrich, St. Louis, MO, USA) in 0.05 M phosphate-citrate buffer, pH 5.0. After 20 min, the reaction was stopped by the addition of 25 µL of 2 N sulphuric acid and the optical density (OD) for 492-nm wave-length light was determined using a microtitre reader. Positive control sera from dogs with parasitologically proven infections and negative control sera from dogs with negative spleen cultures taken from a leishmaniasis non-endemic area were included in all plates. ODs above the cut-off were considered positive. To calculate the cut-off, the mean OD and the standard deviation (SD) of the mean were calculated based on sera from 53 dogs taken from Leishmaniafree areas. Then the obtained SD value was divided by the mean OD. This provided the SD/mean ratio of the 53 negative controls. The cut-off value was different for each ELISA plate (correcting for the intrinsic interassay variations found in any enzymatic-based assay) and corresponded to the mean OD obtained with three negative control sera included in each ELISA plate plus two times the product of the mean OD of the three negative control sera and the SD/mean ratio of the 53 negative controls (Paranhos-Silva et al. 1996) .
Lymphocyte proliferation assay -PBMCs were isolated by centrifugation of blood and diluted with sterile Hanks' balanced salt solution (Gibco-Invitrogen, Carlsbad, CA, USA) at a 1:1 (v/v) ratio with Histopaque-1077 (Sigma Aldrich, St. Louis, MO, USA) solution. Purified PBMCs were washed three times at 4ºC with RPMI medium and viable cells were adjusted to 2 x 10 6 in RPMI supplemented with 10% heat-inactivated FBS, 50 μg.mL-1 gentamicin and 2 mM L-glutamine (complete medium). Two hundred microlitres containing 2 x 10 5 cells was then cultured in complete medium either in the presence of 4 µg.mL -1 concanavalin A (Con A) (Sigma Aldrich, St. Louis, MO, USA) for three days or with 20 µg.mL -1 (protein content) Leishmania lysate, 0.5 µg.mL -1 Lci1 or 16 µg.mL -1 Lci2, for five days. These antigen and mitogen concentrations were found to be optimal in previous assays utilizing PBMCs of naturally infected dogs. All cultures were carried out in flat-bottomed microtitre plates (Corning Incorporated, Corning, NY, USA) in triplicate in a 100% humidified atmosphere with 5% CO 2 at 37ºC. Cells were pulsed during the last 18 h of culture with 1 µCi of [ 3 H]thymidine (GE Healthcare UK Ltd, Little Chalfont, England) and harvested onto glass fibre filters utilising a cell harvester. Radioactivity uptake was measured in a liquid scintillation beta counter (Matrix 9600 Direct Beta Counter; Packard). Proliferative responses were expressed as a stimulation index (SI), which was calculated by dividing the mean counts of stimulated cultures by the mean counts of non-stimulated cultures. Stimulation indices equal to or higher than 2.5 were considered to be indicative of proliferation.
Quantification of interferon (IFN)-γ levels -PB-
MCs were obtained as described above. Isolated PBMCs (10 7 cells/mL) were resuspended in complete RPMI medium and then plated onto wells of 6-well tissue culture plates (Costar Corning Inc, USA). Cells were incubated with 20 µg.mL -1 L. infantum lysate, 10 µg.mL -1 of Con A (positive control) or medium alone (negative control) at 37ºC with 5% CO 2 . Supernatants were collected from the cultures at 48 h and stored at -20ºC until use. PBMCs from dogs that were injected with saline (2 animals) or with a mixture of the Lci1 and Lci2 recombinant antigens (5 animals) were used as controls. IFN-γ was measured by sandwich ELISA, according to the manufacturer's recommendations (R&D Systems, Minneapolis, USA), using specific anti-dog IFN-γ (1 µg.mL Statistical analyses -Results from measurements between two groups of dogs were statistically compared using the Mann-Whitney non-parametric U test. The statistical significance of the observed differences between three or more groups was determined by the Kruskal-Wallis test and Dunn's test was used as a post test to determine the statistical significance between two groups. A p value ≤ 0.05 was considered significant.
RESULTS
Specific antibody responses against total or recombinant L. infantum antigens -All dogs exhibited relatively low (OD values below 0.4 in the ELISA) but significantly (p < 0.05) increased levels of anti-L. infantum IgG activity after two injections of promastigote lysate (Table I) . Six weeks after the subcutaneous inoculation of virulent promastigotes, the antibody levels either remained constant (dogs 3 and 4) or increased (dogs 1 and 2) ( Table I) . A large and statistically significant (p < 0.05) increase in anti-L. infantum antibody levels was observed 45 weeks after infection compared to levels observed before immunization and at three weeks after the intradermal injection of Leishmania lysate. Reactivity of the serum antibodies against the Lci1 recombinant protein was observed in two animals (dogs 2 and 3) 45 weeks after viable promastigote inoculation. None of the animals had detectable serum antibodies against the Lci2 protein during the follow-up period (data not shown). Sera from the control group had no detectable anti-Leishmania antibodies (Table I) .
Lymphoproliferative response and IFN-γ production
-Proliferative responses to crude Leishmania antigens were not observed after two subcutaneous injections of L. infantum lysate (Fig. 1A) . Responses were observed only after inoculation of live promastigotes and were considerably higher after 45 weeks than after six weeks of infection in three of the four dogs (Fig. 1A) . After 45 weeks (10.5 months) of infection, all animals responded to Lci1, while two of the four dogs (animals 3 and 4) responded to Lci2 protein, with a mean SI of 6.6 and 4.5, respectively (Fig. 1B) . No PBMCs from animals of the control, non-immunized group had lymphoproliferative responses to the L. infantum lysate or to the recombinant proteins (Fig. 1B) . Seven years after immunization, PBMCs from the animals still proliferated in response to L. infantum lysate (Fig. 2A) .
Four years after the immunization, Leishmania antigen-stimulated PBMCs from the immunized animals produced detectable levels of IFN-γ, which were significantly different from the levels produced by PBMCs from seven animals that were injected with either saline (2 animals) or with a mixture of two recombinant antigens (5 animals) (Fig. 2B) . PBMCs from immunized animals still produced IFN-γ in response to Leishmania antigen seven years after immunization (data not shown).
Delayed-type hypersensitivity to crude and recombinant Leishmania antigens -Forty-five weeks after immunization, all dogs from the infected group had positive skin test reactions at the site of injection of crude L. infantum antigens, varying from 10-30 mm at 48 h and from 7-26 mm at 72 h (Table II) . Three immunized animals had larger reactions at 48 h, while one dog had an increase of induration area after the next 24 h (Table II) . Three of four dogs from the immunized group reacted to higher concentrations of Lci1 and one responded to both Lci1 and Lci2 (Table II) . No positive reactions were detected in the three control dogs.
Clinical and parasitological evaluation -The presence of parasites in spleen aspirate cultures was initially observed in two of the four immunized animals (dogs 2 and 3) six months after promastigote inoculation. There- after, Leishmania parasites were isolated at least once from the spleen cultures of all infected dogs, despite the absence of clinical signs of VL, such as loss of weight, cachexia, alopecia and onychogryphosis. Dogs from the control group also remained healthy and all their spleen cultures were negative during the follow-up period.
DISCUSSION
A canine experimental model that can be used to study different immunological mechanisms involved in resistance and susceptibility to L. infantum infection or to test potential vaccine candidates should fulfil the following requirements: (i) provide Leishmania antigen-primed cells to test antigens for cellular immune responses in vitro, (ii) allow the assessment of delayed hypersensitivity reactions in vivo and (iii) be long-lasting. In this paper, we describe a protocol to develop an experimental model with these characteristics involving injections of a crude, easily obtained Leishmania lysate and the inoculation of live L. infantum amastigotes by the intradermal route. The animals treated with this protocol fulfil the requirements listed above based on the following results: (i) their PBMCs proliferated and/or produced IFN-γ in response to Leishmania lysate or recombinant antigens, (ii) they had clearly positive delayed-type skin hypersensitivity reactions to Leishmania lysates and (iii) their immune systems remained sensitized to Leishmania antigens for several years (at least 7 years). These results confirm previous reports that indicated that the inoculation of dogs with L. infantum by the intradermal route induces long pre-patent periods and stimulates cell-mediated immune responses , Leandro et al. 2001 , Paranhos-Silva et al. 2003 , Travi et al. 2009 ), although the follow-up periods mentioned in these reports are not as long as those in the present work. In this study, the elicitation of strong cellular and humoral immune responses was clearly not associated with the injection of promastigote lysate: three weeks after the second lysate injection, the cellular immune response was undetectable in a lymphoproliferative assay and only low levels of anti-L. infantum antibodies were produced by the four animals. This scenario completely changed after the inoculation of 10 8 viable promastigotes; the dogs developed increased cellular immune responses that persisted for at least seven years. These persistent immune responses likely reflect a long-lasting asymptomatic infection, as suggested by the transient detection of Leishmania amastigotes in spleen cultures. Thus, the increase in antibody production, the elicitation of lymphoproliferative response and the in vitro IFN-γ production of antigen-stimulated PBMCs suggests that parasite-host interactions during the course of subclinical infection favours the triggering of both cellular and humoral anti-Leishmania immune responses in dogs. Moreover, the delayed skin hypersensitivity reaction found in the present work, together with the production of IFN-γ, is indicative of a Th1-type immune response (Dos-Santos et al. 2008) .
It is possible that the dogs in the present study were found to remain consistently healthy after infection with stationary-phase promastigotes because of the previous injections of promastigote extract. The experimental infection of dogs with Leishmania produces inconsistent results with regards to the development of disease and the establishment of sub-clinical infection (Abranches et al. 1991 , Nieto et al. 1999 , Rhalem et al. 1999 , Leandro et al. 2001 , Paranhos-Silva et al. 2003 , Chamizo et al. 2005 , Rodríguez-Cortés et al. 2007a , Carrillo et al. 2008 ).
This lack of consistency and reproducibility may be due to various factors, such as the route of inoculation, the size of the inoculum, the developmental stage of the parasite and the dog breed (reviewed by Moreno & Alvar 2002) . Indeed, the genetic background of the dog may be an important factor in the outcome of experimental infection (Solano-Gallego et al. 2000 , Dantas-Torres 2007 . In Brazil, it may be more appropriate to use mixed-breed dogs in experimental models to more accurately represent the genetic diversity of the dog population in Leishmania-endemic areas. In the experiments described herein, mongrel dogs, similar to the ones found inhabiting the Brazilian Bahia state endemic areas, were used. A desirable canine model for the screening of antigens with immune-protective properties through the assessment of their reactivity with products of the immune response would include healthy animals that have cellular immune responses to Leishmania antigens (diseaseresistant dogs), as was achieved in the present work. Of course, the experimental canine model reported here would not be appropriate for the study of pathological and/or immunological features of canine VL. The observation that the PBMCs from immunized dogs proliferated when incubated in vitro with the Lci1 (4 dogs) and the Lci2 (2 dogs) recombinant antigens and that the dogs had a delayed-type skin response to the Lci1 (3 dogs) and the Lci2 (1 dog) recombinant antigens indicates that the dog model described herein can be useful in attempts to identify antigens associated with immunity in resistant dogs. The fact that some dogs responded to the recombinant antigens and some did not is not surprising, given the heterogeneity of the immune response to Leishmania antigens in different dogs ). The availability of these immunized dogs that are apparently protected against the development of disease, as demonstrated by the lack of clinical symptoms and the presence of in vitro lymphoproliferative and delayedtype hypersensitivity responses to leishmanial antigens, provides a long-term source of Leishmania-sensitised animals for different experiments. Indeed, they have been previously used to show that subclinical infection with L. infantum in different animal species, including dogs, is an effective protocol to produce humoral immune responses against L. infantum amastigotes (Fróes et al. 2004) . Additionally, supernatants from antigenstimulated PBMCs from these dogs could stimulate macrophages from healthy animals to control in vitro infection by L. infantum (Rodrigues et al. 2007 ).
The present study does not, however, exclude a possible suppressive or enhancing role for the initial injections of parasite lysate on the immune response, which could have subsequently been elicited or greatly stimulated by the infection. To investigate this possibility, a group of infected, non-immunized animals would have to be included in a study such as the one reported herein. Both ethical and financial aspects should be considered before carrying out this proposed study because the model reported herein involving two subcutaneous injections of easily obtained Leishmania lysate, followed by the inoculation of dogs with live promastigotes by the subcutaneous route, seems to induce a sustained cellular immune response, leading to an asymptomatic infection. The model could therefore be useful for both the selection and immunobiological studies of immunogenic Leishmania antigens, providing a useful source of responder animals with which to assess the potential of antigens as targets of cellular and humoral immune reactions and serving as a positive control for L. infantumspecific cellular immune responses in initial trials of canine vaccine candidates.
